The effects of leukocyte (WBC) sequestration in the capillary network on resistance to flow (R A-V ) were obtained during bolus infusions of WBCs in cremaster muscle (hamster). 6 WBCs in the RBC suspension also resulted in a 25% increase in R A-V , which was three times the increase obtained for an equal number of FMLP-activated WBCs. Following the cumulative infusion of 12 1 10 6 PMA-activated WBCs, R A-V increased inordinately to approximately 250% of baseline. These substantially greater increases in capillary plugging and R A-V with PMA activation were in accord with the threefold greater number of stiffened lymphocytes (which do not respond to FMLP) relative to PMNs in the boli. Thus, capillary plugging by activated WBCs may have a far greater detrimental effect on blood flow through the microvasculature compared to normal WBCs, and the extent of this effect is strongly dependent on the number of activated WBCs in the circulation. ᭧
INTRODUCTION
Leukocyte (white blood cell, WBC) plugging of capillaries has been suggested as the principal cause of increased resistance to blood flow in ischemic (Engler et al., 1983) and low flow (Bagge et al., 1980) disorders, as well as in response to reductions in WBC deformability attendant to their activation with inflammation (Barraso-Aranda and Schmid-Schönbein, 1989 ). Many studies have assessed pressure-flow relationships of isolated organs during the perfusion of WBC suspensions (Braide et al., 1984 (Braide et al., , 1986 (Braide et al., , 1989 Sutton and Schmid-Schonbein, 1992) and have demonstrated that WBCs may contribute as much as 20% of the total resistance to flow under normal perfusion conditions (Braide et al., 1984, Sutton and Schmid-Schonbein, 1992) . It has been shown that resistance may increase twofold with reductions in WBC deformability attendant to activation due to WBC entrapment in capillaries (Sutton and SchmidSchonbein, 1992) . Similarly, in vitro studies of the retention of WBCs in Nuclepore filters have postulated that large increases in resistance may result from WBC entrapment in capillary-sized channels.
To elucidate the role of WBC-capillary plugging as a determinant of the resistance to flow, computer simulations and modelling of the microvascular network have demonstrated that WBC-capillary plugging plays a minimal role in affecting the resistance to flow during normal hemodynamic conditions (Fenton et al., 1985; Warnke and Skalak, 1990 ) and periods of hemorrhagic shock (Mazzoni et al., 1994) . Studies that have aimed to analyze the effects of WBC activation and stiffening by an inflammatory stimulus using such computer simulations have also suggested a minimal effect of WBC entrapment on flow resistance (Harris and Skalak, 1993) . As shown there, analysis of the number of plugged capillaries and the prolonged entrance time of WBCs into capillaries during tissue suffusion with a chemoattractant has revealed that resistance may increase 16% due to WBC activation, compared to 1.1% with normal WBCs. Modelling of the entrapment of WBCs has also revealed that small increases in resistance occur with increasing WBC concentration until a critical amount of WBC trapping is reached, beyond which resistance to flow increases exponentially with further WBC trapping (Hudetz, 1993) .
In contrast to the adverse effects of capillary plugging on flow resistance, in vivo observations have suggested that the receptor-mediated adhesion of WBC to endothelium (EC) in postcapillary venules may have a far greater deleterious effect on flow. It has been demonstrated by in situ measurements of pressure gradients and flows in single unbranched venules that resistance may increase by orders of magnitude during WBC-EC adhesion (House and Lipowsky, 1987) . Measurements of the relative amounts of WBC sequestration at the entrance to capillaries and adhesion in postcapillary venules during low flow conditions suggest that venular resistance may increase at a threefold greater rate than that for the capillary network due to plugging (Eppihimer and Lipowsky, 1994) . These estimates were supported by observations that the pathways of WBCs transit through the capillary network may shift with flow conditions (Ley et al., 1988 , Eppihimer and Lipowsky, 1994 to lessen the extent of WBC entrapment in the capillary network. It appears that WBCs traverse the capillary network through thoroughfare channels of larger diameter such that they traverse the network as easily as RBCs, as evidenced by the equivalence of WBC and RBC mean transit time across the network (Eppihimer and Lipowsky, 1994) .
In light of these experimental observations and computer simulations, it appears that the role of capillary plugging as the principal factor that contributes to microvascular flow degradation in abnormal flow states remains questionable. The single most important piece of evidence that remains to be obtained in order to resolve these questions is that of the direct measurement of the resistance to flow across the capillary network. To fill this void, the present study was undertaken to determine the effect of WBC concentration and activation on the resistance to flow across the capillary network by directly measuring the pressure drops and flows between topographically paired arterioles and venules in cremaster muscle of the hamster. Measurements of arteriovenous pressure drop and arteriolar flow were made during infusion of bolus injections of mixtures of RBCs (from rats and matched to systemic hematocrit) and WBCs (from rats) at concentrations of two to nine times systemic values. Transient changes in resistance to flow across the capillary network were calculated and attributed to either complete or partial plugging of the true capillaries arising from their entrapment at the capillary entrance or capillary midpoint or the adverse hemodynamic effect of their presence within the capillary. The effects of WBC activation was also assessed by incubation of the infused WBCs in activating agents that cause a reduction in WBC deformability. Rats were used as the blood donor animal because of the ready availability of relatively large numbers of WBCs. Hamsters were chosen as the recipient animal because of the greater number of A-V pairs available for pressure drop measurements, compared to rat, and the greater visibility of the microvasculature in older animals.
METHODS

Preparation of WBCs and RBCs
Leukocytes (WBCs) and erythrocytes (RBCs) were obtained from donor animals (rat) for infusion into the animals (hamster) under study. Rats were used as blood donors to minimize the number of animals used by taking advantage of their greater blood volume and hence greater numbers of WBCs. Male Sprague-Dawley rats (300-450 g) were anesthetized with sodium pentobarbital (35 mg/kg, i.p.), administered heparin (500 units/kg), and after 5 min exsanguinated via an indwelling catheter in a carotid artery. The blood was washed by repeated centrifugation in Tris-buffered Ringer's solution (pH 7.4). Following final centrifugation, the WBC-rich buffy coat and accompanying packed RBCs were aspirated from the supernatant and resuspended in Tris-buffered Ringer's solution.
To study the effect of intentionally activated WBCs, selected samples of WBCs were incubated in Tris-buffered Ringer's solution containing 10 mM N-formyl-methionyl-leucyl-phenylalanine (FMLP) or 10 mM phorbal myristate acetate (PMA) for 10 min, to stimulate activation. Samples of untreated (control) WBCs were incubated in an equal volume of Tris-buffered Ringer's solution over an identical period of time. Following incubation, the WBCs were washed two times in phosphate-buffered saline (PBS), once in Tris-buffered Ringer's solution containing 1% albumin (TRA) and then filtered through polycarbonate filters with 12-mm-diameter pores to remove cell clumps and debris. RBC samples were washed two times in Tris-buffered Ringer's solution, once in TRA, and then filtered through polycarbonate filters with 5-mmdiameter pores. The hematocrit of all samples for infusion into the recipient animal was adjusted to those of systemic concentration obtained from a carotid catheter of the animal under study to within 0.5 { 0.3%. WBC concentrations were adjusted to yield a range of concentrations of one to nine times systemic WBC count by matching cell concentrations of the sample and recipient animal with a Coulter counter (model ZM, Coulter Electronics, Hialeah, FL). Differential counts of the leukocyte populations averaged: 77.5 { 4.9 SD % lymphocytes, 21.8 { 4.6 SD % PMNs, and 0.9 { 0.3 SD % monocytes.
Tissue Preparation
Male Syrian-golden hamsters (50-95 g) were anesthetized with a saline solution of 10% urethane and 2% chloralose (0.8 ml/100 g i.p.), tracheotomized, and ventilated by spontaneous respiration. The left carotid artery was cannulated with polyethylene tubing (PE 50) to monitor arterial blood pressure (strain gage pressure transducer), and the right jugular vein was cannulated with PE 50 tubing for administration of supplemental doses of anesthetic (7 mg/kg every 20 min or as needed). The femoral artery contralateral to the cremaster muscle was cannulated with PE 10 tubing for injection of RBCs and either normal or activated WBCs. The cremaster muscle was exteriorized and spread over a glass pedestal according to the procedure of Baez (1973) and suffused with Hepes-buffered (pH 7.4) Ringer's solution containing 1% gelatin and warmed to 35 { 2Њ. The suffusion solution also contained 10 07 M sodium nitroprusside to dilate arteriolar vessels and prevent vasomotor adjustments during the bolus infusions.
Hemodynamic Measurements
To calculate the resistance to flow between topographically paired arterioles and venules, regional arteriovenous (A-V) pressure drops were measured in 3rd order A-V pairs of microvessels using the servo-null technique (Wiederhelm et al., 1964) as modified by Intaglietta et al. (1970) . Arteriovenous pressure drops (DP) were measured by coupling two servo-null systems with a differential pressure transducer (Century Technology, Inc.), according to the method of House and Lipowsky (1987) , to facilitate measurement of DP to within an accuracy of 0.2 cm H 2 O.
Microvessel luminal diameter and red cell velocities were obtained using the image shearing (Intaglietta and Tompkins, 1973) and the ''two-slit'' photometric (Wayland and Johnson, 1967) technique, respectively. Red cell velocities measured along the microvessel centerline, V rbc , were related to the mean blood velocity, V mean , using the empirical correlation, V mean Å V rbc /1.6 described by Baker and Wayland (1974) . Volumetric flow rates within given vessels were calculated from the product of vessel cross-sectional area (pD 4 /4) and V mean . Microvessel hematocrit was measured on-line by differential spectrophotometry using the technique of Lipowsky et al. (1982) . This procedure entailed the in vivo application of a linear correlation between microvessel hematocrit and the differential optical density measured at two isobestic wavelengths (520 and 546 nm) that was established in vitro for blood flowing through small bore tubes of similar diameter.
Experimental Protocols
Paired arterioles and venules of the third order (centrifugal order of branching scheme) were selected for the simultaneous measurement of intravascular pressures. The tissue was viewed with a 101 eyepiece and a 131/0.22NA long working distance objective that resulted in a total video field width of 130 mm, as viewed with a Silicon Diode camera (Dage, Inc.). Following a 30-min postsurgical equilibration period, an A-V pair was intubated with micropipettes having external tip diameters equal to 2-4 mm external diameter. The pipette tips were inserted far enough into the mainstream of the vessel to obtain a valid pressure record without disturbing the flow; with disturbances being easily detected by a change in the red cell flow patterns. Since platelets and to a lesser degree WBCs, may initially adhere to the pipets, a 10-min equilibration period was allowed before the infusion of cell samples. All hemodynamic parameters were recorded throughout the duration of the experiment on a Beckman R-711 recorder and digitized on-line using a microcomputer (Zenith, Z-100 with a Tecmar A/D board) at a sampling rate of 20 samples/sec during the infusion of cells. Note. Shown above are mean { SD of parameters measured during the steady state period prior to infusion of control WBCs and those incubated in n-formyl-methionel-leucine-phenyl-analine (FMLP) or phorbol-myrisitate-acetate (PMA). No significant differences were apparent among the animals studied. All groups were vasodilated with sodium nitroprusside in the suffusion fluid to preclude vasomotor adjustments during infusion of the bolus.
A 0.3-ml bolus of RBCs (hematocrit matched to the recipient animal) with either normal (untreated) WBCs or activated WBCs at the desired leukocrit was introduced into the femoral artery from a 1-ml syringe. This bolus was preceded by a 0.1-ml bolus of 5% hematocrit in heparinized saline that filled the femoral catheter and served as an indicator of entrance of the subsequent cell bolus as resident cells were cleared from the network. The 5% hematocrit of the saline infusion was chosen to maintain tracking of arteriolar red cell velocity by on-line cross-correlation during passage of the saline through the network. The bolus was infused manually (with finger pressure) after a few trial infusions of leukocyte-free RBC suspensions were performed. Hemodynamic variables were recorded with each bolus infusion, for approximately 90 sec following the 5-to 10-sec duration of the bolus. A series of bolus injections of RBCs, and WBCs of varying concentrations, were performed, with an average period of 5 min between infusions. Due to the limited number of WBCs obtained from each donor animal, either normal, PMA, or FMLP-treated WBCs were introduced into the recipient animal in a given experiment.
RESULTS
Steady state (resting) values of the measured hemodynamic variables obtained prior to infusion of a bolus of WBCs are summarized in Table 1 ranged from 3017 to 7755 cells/ml, with averages as shown in Table 1 for each treatment. Resting A-V resistance to flow was on average between 21.9 and 39.2 cmH 2 O/ml/min, depending on treatment, and did not vary significantly among the groups studied (P Å 0.173, ANOVA).
To illustrate the time course of hemodynamic events attendant to a bolus injection, representative tracings of systemic pressure and microvascular parameters during infusion of a 0.3-ml bolus of normal (control) WBCs at two times systemic WBC concentration are shown in Fig. 1 . Arteriole and venule diameters of this A-V pair were 50.8 and 56.1 mm, respectively. The infusion, which lasted on the order of 1-2 sec as the contents of the infusion syringe were expelled, did not affect systemic arterial pressure. Dispersion of the bolus was similar to that reported previously (Eppihimer and Lipowsky, 1994 ) for a 0.05-ml bolus; however, the sixfold larger bolus volume used here cleared the entire network between the micropressure pipettes. Both arteriolar and venular pressures increased as the bolus traversed the network (presumably due to compliance of the large arteries) with the net effect of raising the A-V pressure drop (DP AV ) from 25 to 32 cmH 2 O. Red cell velocities also increased slightly, as entry and clearance of the bolus persisted in the network for about 5-10 sec. As the normal saline (with 5% hematocrit) in the femoral catheter preceded the WBC bolus, arteriolar hematocrit fell from 43 to 5% as blood cells were cleared from the network (Fig. FIG. 2 . Transient adjustments in hemodynamic parameters in response to a 0.3-ml bolus of PMA-treated WBCs introduced into the femoral artery. Hemodynamic measurements were obtained in a functionally paired arteriole and venule having diameters equal to 51.8 mm and 53.1 mm, respectively. The pulsatility of the hemodynamic variables was removed by low pass filtering the data. As shown in F the arteriovenous resistance decreases as the bolus of saline passes through the network and rises to a peak value of 16% above its baseline value as a maximum number of capillaries become obstructed. Baseline arteriolar volume flow (averaged over the cardiac cycle) equaled 13. 1F). Resistance to flow (R) for these normal WBCs increased to a maximum of about 3% above the preinfusion value.
To determine a representative resistance to flow, all hemodynamic parameters were digitally averaged over the cardiac cycle using a low pass 4th order Butterworth filter with a cutoff frequency of 0.3 Hz, as illustrated in Fig. 2 , for a bolus of PMA-treated WBCs, infused at systemic leukocrit. The calculated resistance (R Å DP/Q) shown in Fig. 2F (normalized with respect to its preinfusion value, R 0 ) reached a maximum value that was 16% greater than R 0 . Timing of the infusions of saline and WBCs were apparent from the transient fall in arteriolar hematocrit (Fig. 2E) as the bolus of saline traversed the network. Immediately following appearance of the saline, R decreased by about 10% and subsequently increased as WBCs entered the capillary network between the A-V pair. The resistance reached a maximum value at about 10 sec following the minima in arteriolar hematocrit, which presumably occurred at the time of maximum WBC sequestration in the capillary network. Thereafter, R fell during the subsequent 30 sec, as WBCs were washed out of the network, and returned to within 5% of the preinfusion value. Observations of the bolus dispersion revealed an absence of WBCs adhering to the venular wall. Thus, these changes in resistance appear to be due to the presence of WBCs in the capillaries.
For all treatments studied, the percentage increase in the peak value of resistance (R PEAK ) above baseline resistance (R 0 ) is presented in Fig. 3 as a function in the peak resistance, relative to baseline, was evident for bolus WBC concentrations ranging from one to nine times systemic (P ú 0.40). A similar invariance in R PEAK / R 0 was found for PMA and FMLP-treated WBCs over the lesser range of bolus WBC concentrations studied (P ú 0.05). However, the average increase in (R PEAK /R 0 0 1) 1 100 was significantly greater for PMA-treated WBCs compared to normal WBCs (P õ 0.01), whereas (R PEAK /R 0 0 1) 1 100 for FMLP-treated WBCs did not differ significantly from that of normal WBCs (P ú 0.05) at corresponding WBC concentrations. In response to infusions of RBCs alone, a significant decrease in resistance relative to baseline values was found as resident WBCs were cleared from the capillary network and averaged 5.3 { 3.1 SD % for 10 infusions (P õ 0.001).
Although the accumulation of trapped WBCs following each bolus injection was small, as evidenced by a return of A-V resistance to within 5% of baseline, the continuous accumulation of WBCs following a succession of bolus injections significantly elevated resistance. To illustrate these trends, measurements of hemodynamic parameters and values of A-V resistance following washout of a succession of bolus infusions (R POST ) obtained in a single A-V pair of microvessels are presented in Fig. 4 . These data are normalized with respect to the initial resistance obtained prior to the first infusion, R 0 . Each bolus of the indicated WBC concentration (relative to systemic) was introduced at the times indicated by the arrows in Fig. 4F . Following a succession of six bolus injections over the 30-min period, the stepwise reduction in bulk flow amounted to a total reduction of 35%. Resistance (R POST /R 0 ) increased commensurately, with a 25% increase during this period. Hematocrit remained invariant throughout the duration of the experiment. Mean arterial pressure increased 6%, following the six bolus injections, most likely due to an elevation in blood volume.
To characterize the effects of continuous WBC entrapment, the normalized post bolus resistance is presented in Fig. 5 as a function of the cumulative number of WBCs infused, for the two treatments and control for all A-V pairs studied. Following a succession of boli that totaled about 20 1 10 6 WBCs, resistance rose about 25% for control and FMLP-treated cells. Regressions of these data were not significantly different, P ú 0.05. A dramatically greater increase was obtained following PMA treatment of the WBC suspensions, as evidenced by an increase in R POST /R 0 to 250% above baseline after a total of 12 1 10 6 cells were infused.
DISCUSSION
The present data demonstrate that under normal flow conditions, the presence of WBCs in the blood stream may contribute to approximately 5% of the network resistance between paired arteriole and venule, as evidenced by a 5% decrease in A-V resistance with introduction of a bolus of RBCs alone (Fig. 3 ). This change in R A-V most likely resulted from the absence of WBCs in the bolus, since bolus and systemic hematocrits were matched. Further, using the method of Skalak et al. (1983) , the filterability of rat and hamster RBCs through the 5-mm pores of Nuclepore filters were found to be insignificantly different (P ú 0.80). Using the ratio of the resistance to flow through a pore with RBCs present to that with suspending medium alone, b, as a measure of filterability, values of b equal to 2.25 { 0.50 SD and 2.31 { 0.43 SD were found for hamster and rat RBCs, respectively. Thus, the insignificant difference between the ease with which the two species of RBCs pass through capillary-sized pores strengthens the hypothesis that at physiological leukocrits, nonactivated WBCs traverse the capillary network with little effect on the resistance to flow through the network.
In addition, the trends of peak resistance during passage of a bolus through the network extrapolate to approximately 5% above prebolus values as the ratio of bolus leukocrit to systemic leukocrit approaches zero. This value was barely significant, as demonstrated by the 95% confidence intervals shown in Fig. 3 for normal rat WBCs. Comparison of the filterability of rat and hamster WBCs was made by the transient filtration technique of Eppihimer and Lipowsky (1995) which revealed a slightly greater, yet insignificant, resistance of rat compared to hamster WBCs. Using the pressure drop required to expel WBCs trapped in the 5-mm pores of Nuclepore filters, the filterability of each population of WBCs was characterized in terms of a mean yield pressure of 0.76 { 3.75 SD and 0.55 { 3.48 SD cmH 2 O for rat and hamster, respectively. The average value of yield pressure varied in accord with WBC diameter; 6.9 { 0.7 and 6.4 { 0.6 mm for rat and hamster, respectively, as measured at high magnification in a well slide. However, the heterogeneity in cell diameter and deformability of each population, resulted in a large SD in yield pressures for each species that precluded significant differences in their filterability. Thus, species differences in WBC mechanical properties appears to play an insignificant role in their transit through capillaries in the present study.
The small effect of normal WBCs on microvascular resistance to flow at physiologi-cal leukocrits is in accord with prior observations of an equivalence of RBC and WBC transit times across the capillary network (Eppihimer and Lipowsky, 1994) . As shown therein, the less deformable WBCs, compared to RBCs, tend to traverse the microvasculature through pathways with larger diameter microvessels that obviate the need for greater WBC deformations and hence they traverse the capillary network from arteriole to venule as easily as the red cells. These trends are also supported by computer simulations of alterations in the resistance to flow based upon observed entry times of WBCs aspirated into glass micropipettes of a specific diameter (Fenton et al., 1985; Warnke and Skalak, 1990) . As shown by Fenton et al. (1985) normal WBCs may result in a 15% increase in the resistance to flow within the cremaster muscle, compared to suspensions of red cells alone. In the computations of Warnke and Skalak (1990) , however, a 3% elevation of resistance was attributed to capillary plugging by WBCs in the spinotrapezius muscle. The disparity between these two computer simulations may reflect the dependency of capillary plugging on the network topography unique to a specific tissue as well as assumptions of the mechanical behavior of the WBC population. The presence of thoroughfare channels in cremaster muscle through which WBCs may be shunted, has been explicitly demonstrated by direct visual observations of the pathways that fluorescently labeled WBCs take between arteriole-venule pairs (Eppihimer and Lipowsky, 1994) . The invariance of the increase in peak resistance above baseline with bolus leukocrit (Fig. 3) is consistent with macroscopic resistance measurements in the isolated hindlimb and lung that also indicate an invariance of flow resistance with WBC concentration (Braide et al., 1986 (Braide et al., , 1989 . Braide et al. (1986) have suggested that this trend arises from a small fraction of capillaries that are susceptible to WBC plugging, since they have diameters that are smaller than the mean capillary diameter of the network. Thus, it would be reasonable to assume that saturation of this small fraction of capillaries by plugging is followed by a shunting of the remaining WBCs through larger diameter pathways, thereby attenuating the increase in capillary resistance with increasing leukocrit.
Effect of WBC Activation on Capillary Network Resistance
It is evident from the present data that the relationship between capillary plugging and WBC concentration may change dramatically with WBC activation, as evidenced by the 20% rise above baseline following incubation of WBCs in FMLP, and a 25% increase with incubation in PMA, at leukocrits of four times systemic (Fig. 3) . Although numerous studies have suggested that activated WBCs may firmly adhere to the EC and increase the resistance to flow (House and Lipowsky, 1987) , the increases in resistance found here were not associated with an increase in WBC-EC adhesion proximal to the site of venular micropressure measurement. Leukocyte-EC adhesion may have been prevented by the high wall shear rates in these venules (687 { 207 sec 01 ). Several studies have demonstrated that stationary adhesion is substantially reduced at shear rates greater than 500 s 01 (e.g., House and Lipowsky, 1987; Bienvenu and Granger, 1993) . A change in resistance due to vasomotor adjustments may also be ruled out in these experiments, since vascular smooth muscle contraction was eliminated by suffusion with sodium nitroprusside. In addition, observations of fluorescently labeled rat WBCs activated with PMA, following a succession of injections, revealed no preferential adhesion to the EC or increase in WBC rolling in hamster cremaster muscle. A possible reason for the absence of adherence between rat WBCs and hamster EC may be due to an attenuation of receptor-ligand affinity between species. Thus, the increased resistance concomitant to WBC activation here may be attributed entirely to WBC-capillary plugging.
The relatively greater increase in resistance following WBC activation with PMA, compared to FMLP (Figs. 3 and 5) undoubtedly arises due to the relative proportions of lymphocytes and polymorphonuclear leukocytes (PMNs) in the infused samples (76 vs 22%, respectively). Since PMA tends to stiffen both lymphocytes and PMNs through their activation, whereas lymphocytes do not respond to FMLP (Nash et al., 1988; Eppihimer and Lipowsky, 1995) , the greater increase in capillary plugging with PMA is consistent with the relative proportions of these phenotypes. The lack of a strict proportionality between capillary plugging and the relative percentages of each phenotype presumably occurs because of the smaller diameter of lymphocytes, compared to PMNs, and the heterogeneity of the mechanical properties of their respective populations. Both of these factors may affect the relative pathways traversed by lymphocytes and PMNs through the microvasculature and their propensity for entrapment. For example, as indicated in Fig. 5 , following infusion of 10 7 WBCs, the cumulative resistance increase amounted to about twice baseline values (R 0 ) for the PMA-activated suspensions, in contrast to 1.25 1 R 0 for those activated with FMLP.
For bolus infusions at systemic leukocrits, the 9 and 16% increase in flow resistance due to WBC activation with FMLP and PMA, respectively (Fig. 3) , agrees favorably with the computer simulations of Harris and Skalak (1993) of the effects of WBC activation. Based upon the amounts of plugging and the delayed entry of WBCs in capillaries observed in vivo in the spino-trapezius muscle with suffusion of the tissue with FMLP, a 16% increase in capillary network resistance was calculated for a model of the network topography. In the current study, however, the increase in resistance found for FMLP-activated WBCs infused at systemic leukocrits was not significantly greater than that obtained with nonactivated (normal) WBCs. The insignificant increase in the resistance to flow is consistent with previous studies of WBC transit times (Eppihimer and Lipowsky, 1994) . As shown therein, following activation with FMLP, the transit time of WBCs was observed to be insignificantly different from normal untreated WBCs, suggesting that the FMLP-treated WBCs took pathways that precluded their entrapment in the capillary network. Further, the increase in resistance found in the present study is substantially less than the 50% increase in flow resistance observed with FMLP activation measured by Sutton and Schmid-Schonbein (1992) for the isolated rat hindlimb perfused with autologous WBCs. This disparity may result from leukocyte-endothelial adhesion in venules that could not be distinguished from the effects of capillary plugging in those experiments.
Effects of Leukocyte Accumulation on Arteriovenous Resistance
While the increases in resistance in response to bolus infusions of WBCs were small, the present data provide direct evidence that the continuous accumulation of WBCs may dramatically increase the resistance to flow (Fig. 5) . These trends agree favorably with the monotonic rise in resistance calculated for the observed retention of fluorescently labeled WBCs in the low flow state following successive bolus infusions in cremaster muscle (Eppihimer and Lipowsky, 1994) . Similar observations have been made in the isolated perfused lung, where a gradual accumulation of WBCs in capillaries coincided with stepwise increases in resistance for a succession of WBCs injections (Braide et al., 1986) . The linear increase in resistance, up to 25% for normal WBCs, is consistent with modelling studies that predict a small yet progressive rise in resistance attendant to occlusion of up to 30% of the capillary network, followed by large increases in resistance with further capillary plugging (Hudetz, 1993; Warnke and Skalak, 1990) . Although the region of an exponential rise in resistance with the cumulative number of WBCs infused was not reached with normal and FMLP-activated cells, the PMA-treated cells appears to reflect this biphasic behavior. As noted in Fig. 5 , resistance gradually rose with infusion of PMA-treated WBCs until 4 1 10 6 cells were infused; following which a marked increase in resistance occurred with the infusion of additional WBCs. Thus, the biphasic trends predicted by the simulations of Hudetz (1993) and Warnke and Skalak (1990) , appear to be shifted leftward as the fraction of the total WBC population that is activated increases with PMA stimulation of the lymphocytes.
Conclusions
Although computer simulations and network modelling studies have suggested that WBC-capillary plugging has a minimal effect on microvascular resistance, the present study has provided the first direct validation of this hypothesis. It is evident that under normal conditions, resistance increases are mitigated by the redistribution of WBCs through larger diameter pathways. With WBC activation, however, stiffening of the WBC population may lead to an inexorable increase in network resistance due to continuous capillary plugging as activated WBCs accumulate in the tissue. Hence, the leukocytosis concomitant to many clinical disorders, e.g., leukemia and sickle cell disease, may be fairly benign in light of alterations in the resistance to blood flow at the microvascular level, as long as leukocyte activation remains low. In contrast, WBC activation attendant to the inflammatory process may lead to an inordinate increase in capillary network resistance as a critical number of pathways become obstructed.
It should be emphasized that the resultant increase in microvascular resistance due to WBC-capillary plugging may be overshadowed by receptor-mediated adhesion in postcapillary venules, as suggested by computations of the alterations in resistance attendant to observed amounts of plugging and adhesion with onset of a low flow state (Eppihimer and Lipowsky, 1994) . The time dependence of the plugging process, as reflected by the change of resistance with the cumulative number of WBCs infused (Fig. 5) , also highlights the role that the convective flux of WBCs may play as WBCs are carried to a site of inflammation or ischemic injury. Reductions in blood flow to the capillary network may thus result in a lesser extent of capillary plugging. In contrast, previous studies have demonstrated that reductions in flow may promote increases in WBC-EC adhesion in venules as shear rates are reduced, until the convective flux becomes low enough to preclude further WBC delivery to adhesion sites (House and Lipowsky, 1987) . Thus, studies aimed at evaluating the therapeutic value of agents that interfere with either increases in plugging or adhesion may benefit from greater attention to the role of convective transport in promoting leukocyte sequestration in the microvasculature.
